Abstract The fault geometry of the 1995 Hyogo-ken Nanbu earthquake in Japan is investigated from the perspective of three-dimensional moment distribution, which in turn is estimated using a linear inversion of strong-motion and geodetic data, without regard to aftershock distribution. The inversion result is evaluated with numerical tests in which intentional modeling errors are given on purpose. In regions shallower than about 9 km, faults on the southwestern and northeastern sides dip toward the southeast and northwest, respectively. Fault segments show a clear stepover at a depth shallower than about 9 km and coalesce into a single fault at a depth of about 14 km. The fault geometry is compared with the distribution of aftershocks that occurred within two hours after the main shock. This shows that aftershocks cluster near the bends and the edges of the main faults. These results imply that the main cause of the aftershocks is the concentration of stresses induced by the main shock.
Introduction
When the slip distribution of a large earthquake is examined, the geometry of the main fault is assumed to be planar with reference to surface offsets, focal mechanism, static displacements, and in particular, aftershock distribution. However, it is difficult to accurately infer detailed fault geometry at depth from such observations. A great deal of time and effort are often required to discern fault geometry at depth, using a trial-and-error method. Oversimplification of the fault geometry may also lead to inaccurate or incorrect estimates of slip distribution. We propose an objective method for estimating fault geometry.
We can rigorously examine the relationship between the main shock and aftershocks, if detailed fault geometry is estimated without reference to aftershock distribution. Aftershocks often cluster in regions where large stresses are concentrated during the dynamic rupture produced by the main shock (Das and Scholz, 1981; Scholz, 1990 ). This concept of interaction between main shock and aftershock is conventional. It should be noted that we cannot accurately compare the fault geometry of the main shock with aftershock distribution if the fault geometry itself is estimated from aftershock distribution.
An interpretation of the physical phenomena associated with a seismic source begins with an objective investigation of the detailed fault geometry of actual earthquakes. King and Nábělek (1985) pointed out the possible geometric effect on the initiation and termination of earthquake rupture. Kame (1997) and Kame and Yamashita (1999) discussed the role of fault bending as a mechanism for arresting dynamic rupture in an earthquake. Investigation of the fault geometry of real earthquakes is a prerequisite to understanding the nature of the earthquake rupture.
Attempts have been made to estimate the fault geometry of the 1995 Hyogo-ken Nanbu earthquake, Japan. Ide et al. (1996) inferred a simple planar fault structure, based on aftershock distribution. Nakamura and Ando (1996) proposed a curved fault geometry that is discontinuous at shallow depths but continuous at great depth, based on the fact that the surface offsets do not coincide with aftershock distribution. Horikawa et al. (1996) evaluated the fault geometry proposed by Nakamura and Ando (1996) and a fault geometry consisting of three entirely discontinuous fault planes, and found that both geometries are possible. Sekiguchi et al. (1996) used particle motions to locate the surface intersections of three subfaults having large slips. Hashimoto et al. (1996) showed that the geodetic data may be explained by the presence of six fault planes. Yoshida et al. (1996) used geodetic data to learn which of the active faults ruptured, and concluded that even a dense coverage of geodetic data is not sufficient for a precise determination.
The aim of this study is to investigate the three-dimensional fault geometry of the 1995 Hyogo-ken Nanbu earthquake. This is achieved by estimating the three-dimensional moment distribution using a linear inversion of strong- Figure 1 . Map of the observation stations for the strong-motion seismograms and the geodetic data. Solid squares, triangles, and circles show the strong-motion stations of DPRI, CEORKA, and JMA, respectively. Open squares and circles correspond to GPS observation sites and triangulation points, respectively. Lines A, B, C, and D are the leveling routes. The hypocenter is shown with a star. motion and geodetic data. Geodetic data are generally more reliable for estimating moment distribution than are waveform data, in the sense that waveform inversion is a tradeoff between location of moment release and rupture time. Geodetic data are particularly useful for estimating the locations of moment release that are distributed horizontally at shallow depths. However, geodetic data are less useful than waveform data for resolving details of vertical moment distribution. We should be aware that a large moment release masks the information from deeper regions when geodetic data alone are used. Recent studies of the 1995 Hyogo-ken Nanbu earthquake suggest an almost vertical fault geometry and a large moment release at a shallow depth (Horikawa et al., 1996; Ide et al., 1996; Sekiguchi et al., 1996; Wald, 1996; Yoshida et al., 1996) . The coverage of the strongmotion stations is very good, and includes some situated right above the rupture zone of the main shock. These strong-motion data impose tight constraints on three-dimensional moment distribution. Simultaneous use of geodetic and strong-motion data is recommended for estimating three-dimensional moment distribution.
Data
As shown in Figure 1 the 1995 Hyogo-ken Nanbu earthquake occurred in inland area, which is dense with both the strong-motion stations and the observation points of geodetic data. The strong-motion data consist of 17 vertical and 32 horizontal components of the waveforms recorded at 18 stations. The stations are deployed by the Japan Meteorological Agency (JMA), the Committee of Earthquake Observation and Research in the Kansai Area (CEORKA), and the Disaster Prevention Research Institute, Kyoto University (DPRI). Most of the stations are located within 100 km from the epicenter, and two of the stations (KOB and KBU) are situated right above the rupture zone. The waveforms are band-pass filtered with a band from 2 to 20 sec. The velocity waveforms of CEORKA and DPRI are integrated, and the accelerograms of JMA are integrated twice. Thus they are converted to displacement waveforms. They are resampled at intervals of 0.25 sec.
The geodetic data consist of 105 vertical static displacements of leveling benchmarks, 51 static line-length changes between triangulation points, and 34 components of horizontal static displacements at the stations of the global positioning system (GPS), and the data are taken from Hashimoto et al. (1996) . Static line-length changes are usually analyzed in order to deduce the horizontal static displacements that are represented by displacement vectors. However, this approach has disadvantages that a fixed point must be assumed in the analysis and that apparent rotations are introduced, and then we use the static line-length changes directly in the inversion following Segall and Matthews (1988) . The following is a brief description of their method.
Let L(x 1 , x 2 ) be the line-length connecting two stations located at x 1 (x 1 , y 1 , z 1 ) and x 2 (x 2 , y 2 , z 2 ), i.e., 2 2
Here the x-axis represents the east and the y-axis the north. The line-length change between x 1 and x 2 is accurately described by
If the changes in location of stations are small in comparison with the line length between the stations, and if the elevation difference between the stations is much smaller than the horizontal distance, equation (2) can be approximated by retaining the first two terms in the Taylor's series expansion,
where h is the direction of x 2 viewed from x 1 measured clockwise from the north. The line-length change between x 1 and x 2 and the horizontal displacements at x 1 and x 2 are connected by the linear equation (3). Therefore we can apply line-length changes directly to linear inversion.
Method
Three-Dimensional Modeling of Moment Distribution
The multiwindow method effectively models the moment distribution of a large earthquake (Hartzell and Heaton, 1983; Olson and Apsel, 1982) . In this method, a fault plane is assumed a priori. The fault plane is divided into subfaults, and time windows are assigned to each subfault. A rupture front propagates from an initial rupture point at a constant fraction of local shear wave velocity or at a constant rupture velocity. Thus, the arrival time of the rupture front can be determined at each subfault, which is allowed to rupture as many times as the number of time windows after the arrival time. A synthetic record is calculated using the basis function that corresponds to each time window. The synthetic records are superimposed with weights on time windows, which are estimated by a linear inversion so that the synthetic records can explain the observed records. The weighted sum of the basis functions represents the source time function at each subfault, from which we can estimate the moment distribution.
In this study the multiwindow method is extended to three dimensions. Instead of assuming a fault plane, a sufficiently large rectangular block within which the rupture zone lies is assumed, and is divided into subblocks. As the simplest case, a rupture front would propagate from an initial rupture point at a constant rupture velocity along a threedimensional fault surface, but any fault geometry along which rupture propagates is not assumed a priori in the present study. We assumed a spherical shape for the rupture front, for convenience in defining the arrival time of the rupture front at each subblock. A spherical shape may be too simplistic, but will be compensated for by multiple time windows that accept delays of rupture time due to complex fault geometry. Using the same procedure as in the twodimensional case, the moment distribution in three dimensions can be estimated by linear inversion. We can investigate the fault geometry ruptured by the main shock, based on the three-dimensional distribution of static moment release.
Although the assumption of a constant rupture velocity is valid on average, rupture velocity can change locally owing to purely geometrical factors. Fault bends obviously prevent a rupture from propagating, but a rupture can propagate indirectly beyond a fault bend by passing through surrounding regions. In such a case, one cannot accept a simple assumption about rupture directivity. A three-dimensional fault geometry, including fault bends, is investigated in the present study, and we deal with the complex situation that is expressed as inhomogeneous rupture velocities. By using multiple time windows, complex geometric effects are automatically included in the inversion results.
Inhomogeneity in rupture velocity essentially cannot be distinguished from inhomogeneity in rise time. If both rupture velocity and rise time are uniformly distributed in a fault plane, then it is preferable to use a single window. This is so because the decrease in the degree of freedom makes the solution stable, although a separate nonlinear inversion should be made to optimize rupture time (Cohee and Beroza, 1994) . However, if either the rupture velocity or rise time varies significantly, multiple windows should be used in the analysis. The 1995 Hyogo-ken Nanbu earthquake showed strong inhomogeneity in rise time and rupture velocity (Horikawa et al., 1996; Ide et al., 1996; Sekiguchi et al., 1996; Wald, 1996; Yoshida et al., 1996) . For the reasons given above, the multiwindow method is used in our three-dimensional modeling of the moment distribution.
Parameterization
Strike-slip faults often consist of a series of subparallel shear faults that form a common pattern of ground breakage, a so-called en-echelon arrangement. Since the Riedel experiment, it has long been recognized that en-echelon faults are ground fractures or soil deformation resulting from the slippage of underlying bedrock faults. This concept that enechelon arrangements are the features at the ground surface is accepted widely. Following this concept, the scale of such soil features is limited to hundreds of meters, depending on the properties and thickness of the soil (Tchalenko, 1970) . However, Deng et al. (1986) described several cases of enechelon arrangements extending several kilometers. Scholz (1990) suggested that en-echelon arrangements are not necessarily limited to sediment layers, taking observations of en-echelon faults fracturing solid rock for example, together with the earlier observations of Deng et al. (1986) . Nakata and Yomogida (1995) observed the surface offsets of the 1995 Hyogo-ken Nanbu earthquake, and reported a sequence of surface offsets along a length of about 10 km, which can be divided into five segments of a few kilometers in length. The five segments form a linear array, which lies at an angle of about 15 degrees to the strike direction of the overall rupture zone. This alignment is consistent with the suggestion of Deng et al. (1986) that the angle between the strike of the individual en-echelon faults and the strike of the overall rupture zone (i.e., the en-echelon angle) tends to be acute for large earthquakes. Several recent studies suggest a stepover on a large scale in the shallow fault geometry of the 1995 Hyogo-ken Nanbu earthquake (Hashimoto et al., Figure 2. CMT solution (equal-area projection), aftershock distribution, and distribution of active faults: (1) Nojima, (2) Kariya, (3) Suma, (4) Suwayama, (5) Otsuki, (6) Gosukebashi, (7) Ashiya. The box on the left shows the vertical projection of aftershocks along line AB, which is viewed from the southwest. 1996; Horikawa et al., 1996; Nakamura and Ando, 1996; Sekiguchi et al., 1996; Wald, 1996; Yoshida et al., 1996) . According to Sekiguchi et al. (1996) , the fault geometry related to this earthquake cannot be represented by a single fault plane, even at depth.
There is no known reason to reject the assumption that the fault geometry of the 1995 Hyogo-ken Nanbu earthquake is composed of en-echelon faults with an acute en-echelon angle. Our three-dimensional modeling affords this possibility. In the present study subparallel subfaults are regularly arranged in three dimensions. The strike direction of each subfault is set the same as that of the entire rupture zone, based on the observation described earlier. Moment release on each subfault is estimated using linear inversion of strong-motion and geodetic data, and in turn the fault geometry is inferred from the inverted moment distribution. Therefore subparallel fault geometry can be modeled in the present study as well as planar one can be modeled. Figure 2 shows the active faults in the study area (Research Group for Active Faults in Japan, 1996), aftershock distribution (Nakamura and Ando, 1996) , and the centroid moment tensor (CMT) solution for the main shock (Cho et al., 1995) . The best double couple is calculated from the CMT solution as defined by Dziewonski and Woodhouse (1983) . These factors seem to reflect regional stress in the area of the main shock, the principal axis of which is oriented east-west (Hujita, 1968; Kishimoto, 1973; Nakane, 1973 , Research Group for Active Faults in Japan, 1996 . The sum of this evidence suggests that a vertical fault with a northeast strike approximates the large-scale fault geometry of the main shock.
As shown in Figure 3 , we assume that a rectangular block completely encompasses the rupture zone. In this study we have estimated the three-dimensional moment distribution that occurs within this hypothetical rectangular block. It should be noted that indeed the orientation of the rectangular block is partly based on aftershock distribution, but the moment distribution and ensuing fault geometry within the rectangular block are estimated without reference to aftershock distribution. The rectangular block is described using the Cartesian coordinates x, y, and z. With O (34.516ЊN, 134.868ЊE, 1.5 km) as the origin, the xy-plane is parallel to the ground at a depth of 1.5 km, and the direction of the x-axis is N50ЊE. The size of the rectangular block is 52 km, 6 km, and 20 km in the x, y, and z directions, respectively.
We divide the rectangular block into subblocks having a uniform size of 4 ‫ן‬ 2 ‫ן‬ 5 km, and place a rectangular subfault in each subblock. The length of each subfault is 4 km in the strike direction and 5 km in the dip direction. Slips that occur within each subblock are represented by a single slip on the corresponding subfault. Following the best double couple, and the aftershock distribution and strike directions of active faults in the study region (Fig. 2) , we assume a pure strike slip along a vertical fault plane as a slip along each subfault. We set the strike of each subfault to N50ЊE, the same as the strike of the rectangular block in Figure 3 . A grid point is positioned at the center of each subblock. The rectangular block extends 13 grid points in the x direction, 3 grid points in the y direction, and 4 grid points in the z direction. Each grid point is numbered as shown in Figure  3 , and is identified by grid numbers (i x , i y , i z ), where i x , i y , and i z correspond to grid number in the x, y, and z directions, respectively.
A point source is situated at each grid point in order to calculate synthetic strong-motion waveforms. A momentrate function with a triangular shape (0.5 sec, 0.5 sec) is used as a basis function. Because periods longer than 2 sec are used in the present study, the inversion is not sensitive to differences in rise time of less than 1 sec. Three time windows are used at intervals of 1 sec, and the duration of the source time function is 3 sec. The rupture fronts, which are set to have spherical shapes, propagate from the initial rupture point at a constant rupture velocity. Table 1 Structure Model (open circle) travel times. The synthetic travel times are calculated using the velocity structure in Table 1 .
The location of the initial rupture point influences the inversion. The hypocenter is used as the initial rupture point in this study. We have located the hypocenter using P-and S-wave arrival times having the structural model (Table 1) constructed based on the work of Aoki and Muramatsu (1974) . The hypocenter, which corresponds to grid points (5, 2, 3), is located at (34.600ЊN, 135.040ЊE, 14.0 km, 20:46:51.9 [GMT]). As shown in Figure 4 , the theoretical travel times fit the observed times fairly well. We note that the theoretical travel time of each phase, by which the inversion is influenced, is correctly calculated from the structure model in Table 1 . We calculate synthetic waveforms with the structure model in Table 1 using a reflectivity method (Herrmann and Wang, 1985) .
Hypocentral parameters, rupture velocity, and rise time are not required in calculation of static displacements. The geodetic data will impose more reliable constraints than do the strong-motion data for estimating the distribution of static moment release. Static displacements corresponding to each subfault are calculated using the analytical formula of Okada (1992) , assuming the P-and S-wave velocities to be 5.6 and 3.2 km/sec, respectively, and the density to be 2.6 g/cm 3 . A single focal mechanism and three time windows are placed at each grid point in our model. The number of grid points is 13, 3, and 4 in the x, y, and z directions, respectively. Therefore, the number of model parameters is 1 ‫ן‬ 3 ‫ן‬ 13 ‫ן‬ 3 ‫ן‬ 4 ‫ס‬ 468. It is necessary to fix the focal mechanisms. If we estimate focal mechanisms simultaneously, destructive instability in the inversion will result because a focal mechanism has a strong relation to both the location of moment release and the rupture time. A potential problem when fixing the focal mechanism is that erroneous assumptions about the focal mechanisms cause artificial noise in a resulting moment distribution. An inversion may be significantly influenced by slight changes in focal mechanisms, since the geodetic data are especially sensitive to fault geometry in shallow regions. In order to reduce the influence of possible errors in focal mechanisms, we take an average of the moment distributions separately inverted using focal mechanisms, to which slight changes from a pure strike slip on a vertical fault plane are added. In practice, the following set of uniform focal mechanism has been examined: (strike/dip/rake) ‫ס‬ (50Њ/90Њ/180Њ), (50Њ or 230Њ/60Њ/ ‫051ע‬Њ), (50Њ or 230Њ/60Њ/‫071ע‬Њ), (50Њ or 230Њ/75Њ/‫051ע‬Њ), and (50Њ or 230Њ/75Њ/‫071ע‬Њ). The inversion is carried out 17 times, changing the focal mechanism.
We average the 17 inverted moment distributions as follows. For each time window at a grid point in an inverted moment distribution, a moment tensor is calculated using the inverted moment release and the assumed focal mechanism. Each calculation is repeated for every grid point. The inverted moment distribution is finally replaced by the distribution of moment tensor. We sum up the corresponding components of the respective moment tensors for the three time windows at each grid point, so that a single moment tensor is obtained for each grid point. The 17 results are also repeatedly processed. Then, we take averages of the corresponding components of the respective moment tensors at the same grid point in the 17 processed results. The best double couple is calculated from the average moment tensor at each grid point. The moment of the best double couple represents the average static moment release at each grid point.
A deviatoric moment tensor is employed at each grid point in the average model. The model space is five times larger than the model space used in an individual inversion, but the degree of freedom of the average model is not correspondingly large. It should be noted that the focal mechanisms in the average model are strongly constrained to not differ much from pure strike slip on a vertical fault plane, because only focal mechanisms similar to this focal mechanism are used. We do not attempt to retrieve the focal mechanism by the averaging method. The averaging method is used to prevent the model from being biased by possible errors in focal mechanism.
Retrieval of the absolute moment release is difficult. The averaging procedure cancels out some moment tensor components and generates compensated linear vector dipole (CLVD) components (Knopoff and Randall, 1970) , so that the moment of the best double couple tends to be underestimated. However, this problem is not serious, because we tend not to estimate absolute values of moment release. In order to infer fault geometry, we use information only where the moment release is relatively large.
Joint Inversion
The observed and synthetic records form an overdetermined system of linear equations, RAm ഡ Rd. m is the model vector with length M, and d is the data vector with length N. The kernel, A, is the N ‫ן‬ M matrix of synthetics, and R is the N ‫ן‬ N diagonal matrix to weight the data. It is well known that if we attempt to solve a linear system using observed data alone, an inversion becomes unstable. In order to stabilize the problem, we add a set of linear constraints Cm ഡ 0 having a form such that m i ‫מ‬ 2m j ‫ם‬ m k ഡ 0 where i, j, and k are the indices of adjacent grid points. These constraints mean that the solution has a smoothly varying spatial distribution. Each datum of the geodetic data is multiplied by f g , so that the square sum of the geodetic data can equal that of the strong-motion data, and then multiplied by a weight on the geodetic data (W g ). The new system is written as
where the respective subscripts s and g correspond to the strong-motion and the geodetic data, and the respective subscripts x, y, and z correspond to the directions of x-, y-, and z-axes. k is the weight on the smoothing constraints. We set k to be proportional to the reciprocal of the square of the grid intervals. Thus k y /k x ‫ס‬ 4.0 and k y /k z ‫ס‬ 6.3. A singular value decomposition (SVD) is used to calculate the generalized inverse matrix (Aki and Richards, 1980; Menke, 1989) . In order to estimate the misfit between the observed and synthetic records, the L 2 norm is defined as
The L 2 norm becomes 0 when the synthetic records agree with those observed.
Results
Rupture Velocity and the Weight on the Geodetic Data
In the figures presented in this article, we represent distributions of static moment release as continuous distributions of static moment release per unit volume, which are calculated assuming that the moment release at each subblock concentrates at the corresponding grid point, and by using a linear interpolation. This representation is reasonable because we consider that moment release is distributed smoothly and actually impose smoothing constraints in the inversion. Figure 5 compares the distributions of static moment release with W g of 0.0 and 1.0 at rupture velocities ranging from 2.2 to 3.8 km/sec. The moment release that concentrates around the hypocenter at a rupture velocity of 2.2 km/ sec becomes widespread as the rupture velocity increases, with W g of both 0.0 and 1.0. However, the changes are slight, and we can say that the main futures of the moment distribution are not significantly influenced by the rupture velocity, in particular when W g ‫ס‬ 1.0. The geodetic data impose significant constraints on the location of static moment release in the shallow regions, in particular, beneath Awaji Island (the southwest part in the study region). In the shallow regions beneath Awaji Island, the moment distributions in the y direction are clear with W g of 1.0. The location and the value of the largest moment release, which can be seen at shallow depths beneath Awaji Island with W g of both 0.0 The three time windows play the important role in stabilizing moment distribution because multiple windows allow for uncertainty in rupture time. As shown in Figure 6 , the contribution of the first time window is large at a rupture velocity of 2.2 km/sec, while the contributions of the second and the third time windows increase with the increase of rupture velocity. Figure 6 shows that the geodetic data impose significant constraints on the static moment release. The differences in contribution among time windows at certain rupture velocity with W g of 1.0 are smaller than those with W g of 0.0. The dependence of the total moment with W g of 1.0 on rupture velocity is less than that with W g of 0.0. Figure 7 shows the misfits between the observed and synthetic records (equation (5)) as a function of rupture velocity. The misfit of the geodetic data does not show any minimum value with W g of neither 0.0 nor 1.0, but the misfit of the strong-motion data is the smallest at a rupture velocity of 3.4 km/sec with W g of both 0.0 and 1.0. With W g of 1.0 the misfit of the geodetic data is similar to that of the strongmotion data while with W g of 0.0 the misfit of the geodetic data is much larger than that of the strong-motion data. We prefer a model explaining simultaneously the independent sets of strong motion and geodetic data, because there is no information to detect which data set is more reliable. The moment distribution at an average rupture velocity of 3.4 km/sec with W g of 1.0 can be considered as optimal. Hereafter, we refer to it simply as the moment distribution. 
Moment Distribution
We sum up the corresponding components of the respective moment tensors for all grid points in the moment distribution obtained in the previous section, so that a single moment tensor is obtained, from which the best double couple is calculated. The moment of the best double couple is estimated to be 8.3 ‫ן‬ 10 18 Nm (M w 6.5), and the CLVD component is 5%. Figure 8 compares the synthetic waveforms calculated from the moment distribution with the observed waveforms. The synthetic waveforms explain the impulsive large-amplitude phases seen in the horizontal components of the observed waveforms at ABN, KBU, KOB, and OSA. The synthetic waveforms also explain the longperiod, large-amplitude phases that appear in later portion of the horizontal components of the observed waveforms at KYO, MIN, MON, TOT, and QUM. The horizontal components of the synthetic waveforms at ABU, KBU, KOB, and TOT also fit the observations. In Figure 9 the synthetic waveforms are divided into respective waveforms coming from the Awaji side and the Kobe side (the southwest side and the northeast side in the study region, respectively), and we compare them with the observed waveforms. The respective phases coming from the Awaji side and the Kobe side are clearly separated at KOB, suggesting that the initial impulsive phase at KOB comes from the Kobe side. When the distance between the station and the rupture zone is long, the two phases coming from the Awaji side and the Kobe side are not clearly separated, as seen in the horizontal components of the observed waveforms at QUM. This feature is seen in the horizontal components of the waveforms at AIO, KYO, MIN, MON, and TOT. Figure 10 compares the synthetic static displacements calculated from the moment distribution with the observed static displacements. The synthetic static displacements do not explain the large amplitudes seen in the observed static displacements, which are significantly large around Awaji Island and Akashi Strait. The horizontal static displacement observed at EZK is about 110 cm, while the corresponding synthetic static displacement is about 50 cm. This discrepancy can be modified by adjusting the depth of the subfaults beneath Awaji Island and Akashi Strait. We move the shallowest subfault beneath EZK by 1.7 km shallower, so that the upper edge of the subfault corresponds to the surface. Figure  11 compares between the static-displacement fields calculated from the moment distribution before and after the modification. We can see that the synthetic horizontal static displacement at EZK calculated from the modified moment distribution becomes about 110 cm. The effect of the modification is apparent only in the regions right above the subfault whose depth is adjusted. All the synthetic static displacements would become comparable to the local large amplitudes seen in the observed static displacements by adjusting the depths of the shallowest subfaults beneath the observation points at which the large amplitudes are observed. However, notice that the trend of the synthetic static displacements calculated from the moment distribution before the modification is very similar to that of the observed static displacements (Fig. 10 ).
This fact suggests that the proper moment distribution is already obtained before the modification under appropriate constraints imposed by the geodetic data, and we need not pursue the fitting. Figure 12 shows the respective moment distributions, each of which are obtained from the inversion done changing uniform focal mechanisms. We can see that there is a wide region of large moment release at grid points (2-5, 1, 1) in the shallow region beneath Awaji Island when the fault strike is 50Њ, while the region of large moment release lies in the deeper region and the moment release is smaller when the fault strike is 230Њ. The location and the value of the largest moment release are more stable when the fault strike is 50Њ than when the fault strike is 230Њ. Thus the faults of large moment release in the shallow regions beneath Awaji Island and Akashi Strait would dip toward the southeast rather than toward the southwest.
In Figure 13 , we examine the variation in misfit between the observed and synthetic records that are calculated from each moment distribution obtained from the inversion using a specified uniform focal mechanism. The misfit of the geodetic data varies significantly with the uniform focal mechanism. Because large amplitudes in static displacements result from moment release in the shallow regions beneath Awaji Island and Akashi Strait, the significant reduction of the misfit of the geodetic data when the strike is 50Њ strongly suggests that the faults of large moment release in the shallow regions beneath Awaji Island and Akashi Strait dip toward the southeast.
In order to examine the influence of the grid location on the inversion, we use another grid arrangement that is created by moving grid set 1 by 2 km parallel to the x-axis in the positive direction. Hereafter we refer to the grid sets before and after the modification as grid set 1 and grid set 2, respectively. The same inversion procedure is done using grid set 2, assuming the rupture velocity of 3.4 km/sec and W g 1.0. Figure 14 shows that the resulting moment distribution is similar to the moment distribution on grid set 1. We consider that the influence of the arrangement of the grids on the inversion is not large.
Numerical Tests
In order to examine effects of the averaging method, we have made a numerical test assuming a rupture model based on the moment distribution obtained in the data analysis, though it is much simple. The focal mechanism on Awaji side (i x Յ 4) is set to 50Њ/90Њ/180Њ, while the focal mechanism beneath Akashi Strait and on the Kobe side (i x Ն 5) is set to 230Њ/75Њ/170Њ. The rupture velocity is set at 3.0 km/ sec. Three time windows are used at an interval of 1 sec, and the ratio of contributions of the three time windows is set at 1:1:1 on the Awaji side, and at 1:2:1 beneath Akashi Strait and on the Kobe side. We calculate synthetic waveforms and static displacements from this rupture model as synthetic data used in the inversion. Then, assuming the rupture velocity at 3.0 km/sec and W g 1.0, we do the same inversion procedure using the synthetic data as done in the data analysis. It should be noticed that the focal mechanism changes locally in the given moment distribution, although in the inversion we assume that all subfaults and point sources have a uniform focal mechanism. This local change in focal mechanism is considered as modeling errors in the assumption of uniform focal mechanism. Figure 15 shows that the given moment distribution cannot be retrieved completely. However, we can see that inverted moment distributions reflect the main feature of the given moment distribution. Significant moment release can be seen at the right edge in the moment distribution inverted using a focal mechanism of 50Њ/90Њ/180Њ (regions A and B), although there is no moment release in the given moment distribution. We can see that the averaging method significantly reduces this artifact that would have come from the modeling errors. The averaging method contributes to reduce influences of modeling errors on the inversion, and the modeling errors mainly lower the resolution rather than bias the pattern of an inverted moment distribution. No moment release is given on (Fig. 1) , respectively. the xz-plane where i y ‫ס‬ 2, but significant moment release can be seen in every inverted moment distribution (e.g., regions C and D). This inverted moment release would mainly come from the moment release given on the xz-plane where i y ‫ס‬ 1. The grid interval in the direction of the y-axis is the shortest. The smoothing constraint in the direction of the y-axis is weighted 4 times as much as in the direction of the x-axis, and 6.3 times as much as in the direction of the z-axis.
The inverted moment release in the region beneath Awaji Island is underestimated through the averaging method. However, remember that the focal mechanism on the Awaji side in the given moment distribution is the same as the uniform focal mechanism that is used to obtain the inverted moment distribution without averaging procedure. That is, the specified uniform focal mechanism of 50Њ/90Њ/ 180Њ closely approximates the average focal mechanisms in the given moment distribution. Indeed, it is general that the value of moment release tends to be underestimated through averaging procedure, but this averaging method is necessary to analyze the real data. The numerical test suggests that in most regions, the averaging method improves the retrieval of the pattern of the static moment distribution.
This procedure for examining the effect of the averaging method has been applied to the moment distributions obtained in the data analysis. As shown in Figure 16 , although the main features of the moment distribution using a focal mechanism of 50Њ/90Њ/180Њ are similar to the average moment distribution, remarkable differences are found in detail.
The averaging procedure decreases the moment release in the regions A-D. In contrast in the regions E and F the moment release is increased by the averaging procedure. Next we have assumed another rupture model on grid set 1 in order to examine the stability of the moment distribution obtained from the inversion. The focal mechanism is set to 50Њ/60Њ/150Њ on the Awaji side and beneath Akashi Strait, and is set to 230Њ/75Њ/170Њ on the Kobe side. The moment of the best double couple, which is calculated from the sum of the moment tensors at all grid points in this moment distribution, is 2.2 ‫ן‬ 10 19 Nm (M w 6.8). The rupture velocity is set at 3.0 km/sec. Five time windows are used at intervals of 0.5 sec. The source time functions, where the ratio of contributions of the five time windows are set at 2:1:2:1:2 and 1:2:3:2:1, are distributed irregularly. We calculate the synthetic waveforms and static displacements from this rupture model as synthetic data. Then, assuming the rupture velocity of 3.0 km/sec and W g 1.0, we do the same inversion procedure using the synthetic data as done in the data analysis, where both grid sets 1 and 2 are used. It should be noticed that modeling errors given on purpose in this numerical test are not only the local changes in focal mechanism. The source time functions in this rupture model consist of five time windows, and the moment distribution is given using grid set 1. Thus, the moment distribution cannot be retrieved completely if we use three time windows in the inversion, in particular when grid set 2 is used in the inversion. In this numerical test, we consider the modeling errors in focal mechanism, in source time function, and in grid location. Figure 17 compares between the given and inverted moment distributions. The inverted moment distributions on grid sets 1 and 2 are similar to each other, suggesting that the influence of the errors in grid location on the inversion is not large. The resolution would be lowered by the modeling errors especially in focal mechanism, but the retrievals of the pattern of the moment distribution are relatively good. The moment of the best double couple, which is calculated from the sum of the moment tensors at all grid points in the moment distribution inverted using grid set 1, is 1.6 ‫ן‬ 10 19 Nm (M w 6.7). It is also 1.6 ‫ן‬ 10 19 Nm when grid set 2 is used. The given moment is about 30% underestimated for both grid sets 1 and 2. The errors in grid location do not largely influence the moment retrieval. Figure 17 suggests that the smoothing constraints influence the inversion. The resolution in the direction of the yaxis is lowered in the deep region, and then the influence of the smoothing constraints on the inversion becomes large. The inverted moment release A2, B2, and C2 in Figure 17 would come from the given moment release A1, B1, and C1, respectively. Other rupture models have been examined in the same procedure as done in this numerical test. We find the tendency that the modeling errors in grid location influence the inversion less significantly than that in focal mechanism.
One may consider decreasing the value of k y or setting k y to be zero to suppress the smearing of the moment release between the xz-planes, but the decrease of the value of k y make artificial splits of the moment distribution in the y direction. A large moment release on the xz-plane where i y ‫ס‬ 1 causes negative moment release in the corresponding region on the xz-plane where i y ‫ס‬ 2, and then it causes positive moment release in the corresponding region on the xz-plane where i y ‫ס‬ 3. These splits can be suppressed by imposing the smoothing constraints in the y direction. When the smoothing constraints are relaxed completely by setting k x , k y , and k z to be zero, the splits of moment distribution occur in every direction. The inverted moment distribution is preferred to be blurred rather than to be split. hand column and the right three columns correspond to given and inverted moment distributions. The leftmost column of the inverted moment distribution is the distribution obtained using a focal mechanism of 50Њ/90Њ/180Њ. In the center (average 1) is the average of the distributions using focal mechanisms of 50Њ/90Њ/180Њ and 50Њ, 230Њ/ 75Њ/‫071ע‬Њ. On the right (average 2) is the average of the distributions using focal mechanisms of 50Њ/90Њ/180Њ and 50Њ, 230Њ/75Њ, 60Њ/‫071ע‬Њ, ‫051ע‬Њ. On the left is the moment distribution obtained using a focal mechanism of 50Њ/90Њ/ 180Њ. In the center (average 1) is the average of the distributions obtained using focal mechanisms of 50Њ/90Њ/180Њ and 50Њ, 230Њ/75Њ/ ‫071ע‬Њ. On the right (average 2) is the average of the distributions obtained using focal mechanisms of 50Њ/90Њ/180Њ and 50Њ, 230Њ/75Њ, 60Њ/ ‫071ע‬Њ, ‫051ע‬Њ. Figure 18 . Moment distribution (color contours), inferred fault geometry (solid and broken lines) and aftershock distribution within two hours after the main shock, which is determined by Nemoto et al. (1996) (red circle). The moment distribution is the same as the moment distribution on grid set 1 in Figure 14 . Upper panels are the xy-sections at depths of 4, 9, 14, and 19 km. The active faults are drawn on the section at 4 km depth by thin lines. The frame corresponds to the rectangular block defined in Figure  3 . A star shows the hypocenter. The grid numbers along the x-axis are given at the bottom of the section at 19 km depth. Aftershocks located within 2.5 km of each section are plotted. Lower panels are the yz-sections. The grid number along the x-axis is given at the top of each section and the interval between the adjacent sections is 4 km. Aftershocks located within 2.0 km of each section are plotted. moment distribution, as shown in Figures 5 and 6 . A source duration of 3 sec is appropriate for the present study.
The validity of the number of time windows has been checked as follows. We make an artificial data set from real observed strong-motion waveforms at a single station while strong-motion waveforms are set to zero at all other stations. This artificial data set is made not to be realistic, but to test if the inversion is overparameterized. We chose stations KOB, AWA, ABU, MZH, and QUM based on their epicentral distances of 16, 32, 57, 97, and 122 km, respectively, and made an artificial data set for each station. Each artificial data set is inverted, as is done in the data analysis, where the rupture velocity and W g are set at 3.4 km/sec and 0.0, respectively. The resulting misfits for the chosen stations KOB, AWA, ABU, MZH, and QUM are 17%, 65%, 67%, 88%, and 78%, respectively.
The misfit for station KOB is much smaller than the 39% misfit derived from the real data set. However, this does not mean that the inversion is overparameterized. The grid points are located in the shallow region right below station KOB. The artificial data set consisting of the waveforms that are zero at all stations but KOB is thought to reflect a situation where the peak amplitude would be large at a nearsource station and small at a more distant station. The fact that station KOB is completely surrounded by the rupture zone and is consequently surrounded by the grid points also plays a significant role in lowering the misfit.
The misfits for all stations but KOB are significantly large when compared to the misfits obtained using the real data set. These artificial data sets are not considered to be realistic when focal mechanisms are tightly constrained. We conclude that the inversion using three time windows is not overparameterized, and that the use of three time windows is quite meaningful.
Fault Geometry and Aftershock Distribution
According to numerical tests, there will be a lot of smearing of moment release between adjacent grids in the y direction. The fault surface is placed so that it can pass through the center of the moment release when blurred in the y direction, referring to the moment distribution shown in Figure 14 . We suspect the possibility that the faults of the 1995 Hyogo-ken Nanbu earthquake form an en-echelon arrangement, but the scale of the fault geometry that we deal with is relatively large, so the inferred fault geometry is mapped as continuous features in the present study. Figure  18 shows the inferred fault geometry and aftershock distribution within two hours after the main shock (M Ն 1), as determined by Nemoto et al. (1996) . The hypocentral errors for 90% of the aftershocks do not exceed 0.5 and 1.0 km in the horizontal and vertical directions, respectively. In the figure the moment distribution on grid set 1 in Figure 14 is shown again for comparison.
As shown in Figure 18 , the southwestern edge of the inferred fault geometry dips toward the southeast. In the region from Awaji Island to Akashi Strait (i x ‫ס‬ 4 and 5), the Discussion Influence of Records at KOB and KBU on the Inversion
The strong-motion stations KOB and KBU are located right above the rupture zone. It might be possible that the large-amplitude waveforms recorded at KOB and KBU bias the moment distribution significantly. In order to examine this bias, we have done the same inversion procedure on grid set 1 using a data set from which the waveforms recorded at KOB and KBU are excluded.
We calculate the best double couple from the sum of the moment tensors at all grid points in the resulting moment distribution. The moment of the best double couple is estimated to be 6.7 ‫ן‬ 10 18 Nm (M w 6.5), which is about 20% smaller than that from the moment distribution obtained using the data set in which the waveforms recorded at KOB and KBU are included. However, we cannot find remarkable differences in the pattern of the moment distribution. The records at KOB and KBU seldom influence the pattern of the moment distribution, although they increase the values of the moment release by an average. We consider that the KOB and KBU records do not bias the estimation of the fault geometry.
Time Windows
The degree of complexity in the source time function depends on its duration and consequently the number of time windows. To test the validity of using multiple time windows, we have done the same inversion procedure as for the data analysis, except for using a single time window. Although the size of the model space in this model is one-third the size of that used in the data analysis, any stable solution does not result from this inversion. For every rupture velocity ranging from 2.2 to 3.8 km/sec with respective W g of 0.0 and 1.0, the resulting moment distribution is significantly contaminated with artificial splits of moment released in the y direction. Within the above range of rupture velocity for both weights on the geodetic data, the misfits of the strongmotion data changed slightly more than those in the data analysis, and misfits of the strong-motion data and geodetic data generally increased about 20% and 30%, respectively. Similar results are obtained from inversions in which the smoothing constraints are partly or completely removed. The artificial splits arise from inhomogeneity in either the rupture velocity or rise time. The single-window method is inappropriate for modeling the three-dimensional moment distribution of the 1995 Hyogo-ken Nanbu earthquake.
In general, as source duration lengthens, the increase in the degree of freedom results in a small misfit of strongmotion data. These misfits remain small and change slightly across a wide range of rupture velocities, and it becomes difficult to determine the average rupture velocity. In the present study the misfit of the strong-motion data is minimal (Fig. 7) , so we can determine the average rupture velocity. The three time windows play an important role in stabilizing Figure 19 . Slip distribution on the inferred fault geometry viewed from the southeast, which is calculated from the moment distribution in Figure 14 . The contour intervals are 0.4 m. A circle shows the hypocenter. Note that the slips in the shallow region beneath Awaji Island (region A) and in the shallow region on the Kobe side (region F) are not continuous because there is a stepover beneath Akashi Strait. entire fault surface dips toward the southeast at depths shallower than 9 km, and part of the fault surface dips toward the northwest at depths greater than 14 km. In contrast, beneath the Kobe side (i x Ն 6), the fault surface dips toward the northwest at depths shallower than 9 km, and part of the fault surface dips toward the southeast at depths deeper than 14 km.
At a depth of 4 km, the fault surfaces lie to the southwest of the Suwayama fault and are located along the Nojima fault. There is a clear stepover beneath Akashi Strait at depths from 4 to 9 km. According to Takahashi and Sugita (1972) , there are active faults with strikes directed eastnortheast to west-southwest beneath Akashi Strait. These may connect the active faults on the Awaji and Kobe sides that moved during the main shock. According to an unpublished report, at the site of bridge construction across Akashi Strait, the main tower of the bridge on the Awaji side moved to the west, as viewed from the main tower of the bridge on the Kobe side. It is likely that strike-slip duplexes formed along with the active faults at shallow depths below Akashi Strait.
It should be noted that fault segments at depths less than about 9 km coalesce into a single fault at depths below about 14 km (Fig. 18) . This convergence may derive in part from a decrease of resolution with depth. However, Figure 18 shows that the moment release is not evenly distributed at depth among grid points along the y-axis. The convergence cannot be explained satisfactory either by smoothing constraints or a decrease of resolution. We conclude that this convergence reflects actual fault geometry and is not artificial. The Nojima fault and the fault system to the south of the Rokko Mountains coalesce into a single fault in regions as deep as the hypocenter. Similar geometrical structures are reported by Clayton (1966) on the Coyote Creek fault, United States of America, and by Sharp and Clark (1972) on the Hope fault, New Zealand.
As seen in Figure 18 , there are no aftershocks in the shallow region of large moment release 4 km beneath Awaji Island, but many aftershocks are concentrated at a depth of 9 km along the lower edge of the large moment release (group (a)). Groups (b) and (c) are located along the upper edge of the deeper fault segment. Most of the other aftershocks are located near the fault surface of small moment release. These aftershocks are clearly caused by the concentration of stress along the edge of the fault.
The aftershocks are highly concentrated at the region (c) in Figure 18 , where the rupture propagation would branch off in two directions obliquely upward and downward (regions (d) and (e)). The region (c) is expected to correspond to a junction of existing faults. Motions propagated along the fault surface from the hypocenter toward the junction induce movement along the other faults. The displacements along these faults must come to zero at their intersections, in order to accommodate the fault motions, so there must be deformation equivalent to these displacements around the fault junctions. This deformation absorbs stress and reduces the transfer of stress to faults beyond the junction. The concentration of stress around the junction results in a concentration of aftershocks (region (c) in Figure 18 ). The regions (d) and (f) in Figure 18 also correspond to junctions of faults oriented in different directions. Around these junctions, the motions along faults oriented in different directions would cause the fault planes to lock, forming asperities that prevented the rupture from extending. The fault bends in the regions (d) and (f) in Figure 18 play a role in terminating the rupture, as described in King and Nábělek (1985) . Figure 19 shows the distribution of slip on the inferred fault surface, which is calculated from the moment distribution in Figure 14 . In Figure 19 , large slips that contribute the most to total moment release are present at shallow depths below Awaji Island (region A). Several investigators (Horikawa et al., 1996; Ide et al., 1996; Sekiguchi et al., 1996; Wald, 1996; Yoshida et al., 1996) (hereafter H96, I96, S96, W96, and Y96, respectively) suggest that the largest slip, ranging from 1.5 to 3 m, is located in the shallow region to about 5 km depth beneath Awaji Island. The peak amplitudes over 2 m shown in Figure 19 are quite acceptable, although the numerical tests described already show that an absolute value for inverted moment release is not entirely accurate.
Comparison of Slip Distribution
As shown in Figure 19 , the region of large slip beneath Awaji Island extends deeper away from the hypocenter (region B). On the Kobe side large slips are located mostly at depths from about 5 to 20 km (regions C, D, and E), as commonly seen in the recent studies of H96, I96, S96, W96, and Y96. Relatively large slips can be seen in the shallow region on the Kobe side. It should be noted that slips in the shallow region beneath Awaji Island and in the shallow region on the Kobe side are discontinuous due to the stepover beneath Akashi Strait. Evidently the slip in the shallow region on the Kobe side does not reflect a bias produced by the large-amplitude waveforms recorded at KOB and KBU, based on the fact that this slip is seen in the model inverted using the data set that excludes the waveforms recorded at KOB and KBU.
The pattern of slip distribution shown in Figure 19 fits well with the pattern of slip distribution estimated in S96. The study in S96 assumed three fault planes, based on an investigation of particle motions at the seismic stations situated directly above the rupture zone of the main shock, and slip distribution estimated using strong-motion data.
The patterns of slip distribution inferred in W96 and Y96 share features similar to ours but seem to be somewhat blurred. We can see in W96 and Y96 that large slips are widespread in regions surrounding the slipped regions inferred in the present study. W96 and Y96 use the combined data sets for strong-motion, teleseismic, and geodetic data. It is true that the geodetic data can impose significant constraints on horizontal slip distribution in shallow regions, as seen in Figure 5 . However, comparisons of slip distribution estimated using individual sets of strong-motion data, teleseismic data and geodetic data, which were done by W96 and Y96, suggest that teleseismic and geodetic data are not especially useful for resolving details of vertical slip distribution, particularly on the Kobe side. Geodetic data would mainly contribute to stabilize the solution rather than contribute to resolve the solution, due to the fact that the fault planes were assumed a priori in W96 and Y96.
Models based on strong-motion data in W96 and Y96 show slip patterns very similar to ours, except that W96 does not show slip in region F in Figure 19 . Large slips of over 1 m are present in region F in the slip distribution estimated in Y96, based on strong-motion data alone. Slips of several tens of centimeters can be seen in this region in S96. W96 calculated Green's functions for strong-motion waveforms using fault planes with a dense array of point sources, intending to represent the correct effects of rupture directivity. Nevertheless, this is not the cause of the difference in slip pattern in the shallow region on the Kobe side, because only displacement waveforms with period range longer than 2 sec are used in this study and the result of the inversion excluding the waveforms at nearby stations of KOB and KBU also supports slip in region F. The difference in slip pattern in the shallow region on the Kobe side reflects a difference in the strong-motion data set. W96 used the strong-motion data from the Japan Railway Technical Research Institute, which were gathered from stations situated near or right above the rupture zone of the main shock. However, these data are not used in the present study owing to the absence of a clock section in the records.
We conclude from the comparison made above that the slips in the regions A, B, C, D, and E in Figure 19 are meaningful. The data set used in the present study reveals to impose tight constraints on the locations of slip in the x and z directions. We can say that a stable solution has been obtained through the three-dimensional inversion procedure. We have examined a simple model, which is constructed by removing two of the three grid points along the y-axis leaving the grid points at (1-4, 1, 1-4) and (5-13, 3, 1-4) . This model does not accept the extent of moment distribution in the y direction. The rupture velocity is set to 3.4 km/sec and W g to 1.0. The pattern of the resulting moment distribution in the x and z directions is similar to that obtained using the three-dimensional arrangement of the grid points. However the misfits of the strong-motion data and the geodetic data are 63% and 90%, respectively, while they are 41% and 45% in the case of using the three-dimensional arrangement of grid points. Indeed we have not been able to estimate the statistical significance of the improvement in misfit or the variance of the three-dimensional model, but the considerable improvement in misfit, together with the results of the numerical tests and the comparison of slip distribution made earlier, leads to the conclusion that the data set used herein can also impose tight constraints on the locations of slip in the y direction.
Conclusions
The three-dimensional fault geometry ruptured by the main shock of the 1995 Hyogo-ken Nanbu earthquake is recorded in strong-motion and geodetic data. The fault planes, which are almost vertical and strike to the northeast, dip toward the southeast and the northwest on the southwestern side and the northeastern side, respectively, at depths shallower than about 9 km. The fault segments exhibit a clear stepover in regions shallower than about 9 km and coalesce into a single fault at a depth of about 14 km. The fault geometry is compared with aftershock distribution within two hours after the main shock. Aftershocks are absent from the shallow region beneath Awaji Island that contributed the most to the total moment release, but cluster near fault bends and the fault edge. The main cause of these aftershocks is inferred to be concentrations of stress induced from the main shock.
